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MAGNETICS/TRANSPORT ASPECTS OF EBTR REACTORS.

Charles G. Bathke
Los Alamos National iLaboratory
Los Alimos, NM 87545

Summary

The magnetice wmodel developed for the ELMO Bumpy
Torus Reactor (EBTR) study is described. A multiple-
loop current simulation of toroidal-field (TF) and
aspect-ratio-enhanceament (ARE) coils is uesed to
calculate the vacuum magnetic fileld. The bounce-
averaged vertical drift velocity, v_,, and poloidal
drift frequency, £, are determined ¥rou the field
topology. Upon performing the appropriaste averages of
vy and I, the point-plasma toroidal curvature, Ry, and
magnetic curvature, Rc' are obtained for wuse In
modeling EBT transport. In addition, the fraction, f_,
of alpha particles completing their first orbit within
the plasma is calculated.

obtain an EBT
design with a magnetic aspect ratio, RT/RC, of
E+ equal to =0.22
6~cofl torus results

The magnetics code was used to
reactor
20 uysing ARE coils with current, 1
of the TF cofl’s current, Iprp. A
with a major radius, R, of 35 m, an average uminor
radfius, r_, of |l », a mirror ratio, M, of 2,24, an
average toroidal field, B, of 3,64 T, and a peak field
at the TF cotl, B., of 9.7 T. Sensitivity studies
about the desfgn point indicate that Rp/K. 1s weost
sensitive to varfations in N, R, and IARE’ITF'

Introduction

One of the major goals of
studv! {8 to quantify by wmeans of s siaplified but
self-consristent model the effectiveness of realistic
cofl Aarrangments §in providing aspect-ratio enhancement
(aREY  of the bumpv-torus configuration. The approach
followed here for the reactor is a modification ot that
ufed in previous studies“'' to produce relevant
transport coefticients st low oets. The procedure,
brieflv mtated, {5 to calculaie v and i from the
vacuum f1eld and then form the diflus¥nn coefficient,

the EBTR magnetics

Doy @ vy /a) from wilch the confinenrnt time,
T l/ﬁnj' can be ohtajned. These models are tased
upen  an  iatinite-bumpv-cylinder representation of the

vacuum magnetic fleld. Th:  infinfte-bunmpy-cylinder
model, however doen not contalin sufficient fn‘ormation
with which to assess accurately the effectivenesrs of
ARE  cofln, Those reactor wmagnetices studtes which
resltstically simulate the magnetic field have
evaluated variour cofl configurstfons on the basis of
particle confinement in vacuum magnetic fielda“*®
rather than upon tranaport coefficienta, Consecuently,
A wagnetica’transport wmodel described be low van
developed, which unes the results from the magnetics
cal 1latfons to perform aversges of transport-related
parameters for use in ~ point-plasma model.'

Magnetica 'Tranaport Model

Magnetic Field
One  sfeplification of the magnetic field problem
fa to consider onlv the vacuum wagnetic fleld. The
caloulation of the vacuum fleld, as well as ectimates
of parameters that depend on the magneric field, can he
simplitied even turther by assuming that sufficient

knowledge of polofdal assymmetries 3s retained when
limtting all caiculations to the equatorial plane.

-
Work performed under auspicen of the U,S,
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The vacuum wmagnetic field 1is obtained by
simulating the TF and ARE coils by combinations of
filamental loon currents. Formulae are readily
availabie® for calculaiing the magnetic field
components resulting from a single filamental loop
current. The vacuum magnetic field 1s subsequenrly
obtained by summing the field components from each
filawental loop current.

The TF colls are simulated with a 4 x B matrix of
loop currents as shown in Fig. 1. The efght 1loop
currents composing each row of the matrix are of equal
radius and are distributed uniformly slong the toroidal
length of the coil. The four rows are aleo distributed
uniforaly in the radial direction. The camber of each
current loop 1s chosen to ensure that the plane
containing a current loop {8 parallel to the cotl
plane.

Each ARE coll t1s sisulated with & circular croes
section containing four loop currents (Fig. 1. All
loop curr-nts lie on a circle dividing the
cross-sectional area in half and are equidisiant from
each other. The loops are positioned on the circae
such that each pair o! loops are o! equal radius. The
current, I,pg, in an ARE coil {8 expressed as 4
variadble fraction of the totsl current, lyp, in a TV
coll. The selection of the ARE-coll camber ri:presents
8 compromise between a desire to maximize 1te effect
and engineering practicalities, The optimal location
of the ARZ coils with respect to both transport and
orbit continement is in the midplane with the ARE cntl
center located approximately at the outboard plasma
surface. However, neither transport nor  orbit
confinement ie very sensitive to the ARE coil location
as long as 1ts center 1{is near tLe outboard plasmi

surface. Consequently, the EBTR wmaintanence scheme:
suggested the ARE-cofl locatton shown in Fig, 1. COther
aspect-ratfo-enhancement techniques, such as

syasetrizing colh,"'5 have not neen coneidered fn this
study.,

Drift Velocities

In additfon to the detatled magnet design
paAram~ters, two transport parameters are derived f om
the magnetics model previously deacribed - the toritca |
radiue of curvature, , and the magnetic radl
curvature, R . Both RT and Rc determine the average
vertical drift wvelocity, v,, and the gradient-B drift
frequency, i, respectively. "By using a bounce-averged
fur-nll.ns % for the calculatior of the particle drift
velocities, the toroidal dimension is eliminated from
the problem.

The pgracient~B drift frequen-y, «, can be derived
from the second or longitudinal fnvariant, . = mgdt v,

where the fntegratim of v, 1s performed over a
complete traverse of + particle trafectory along a
field line. The ¢rencription for calculating the
bounce-averaged poloidal drift frequency from 1 1w
given by'!
b b3 . 1)
aru .t dr

The bounce period, 1, is defined by 1 = ¢di/v,, w. In
the cyclotron frequency, and r s the radial location
of the fleld line mesmsured relative to the center of
the particle orbit (i.e., the radial location where
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Fig. 1. The first-wall/blanket/shield gecmetry adopted

for the EBTR design study.

9J/dr = 0). The above line integrations need only be
performed over that portion of a particle trajectory
located between the midplare and the relevant mirroring
point. In the case of a passing particle (l.e., a
particle with a parallel velocity, v,, that s
sufticient to preclude reflectfon by the mirror field),
the nirroring point is replaced by the location of the
particle trajectory in the coll plane.

The rarallel velocity {s calculated by <$nvoking
conservation of both kinetic ensrgy and magnetic moment
aling a field l1ine, but neglecting the energy stored in
the electraic field. Kinetic energy and magnetic moment

continue to be conserved as a particle drifte
poloidally from ore field linc to another. Then,
: 2 B(r,2) 1/
vim oy 1 o-ainig(e,y ScIC 2l (]
i Mo M B(ry 0) '

where vy J& the particle apeed tu the midplane, c(rH)
ta the pttch angle at the aidplane radius, Ty, and
B(ry,0) and B(r,t) are the argnetic field evaluated In
the afdplane at ry and at a distance, o, alonp ths
field iine passing through the midplane at r.

The average vertical drift welocity ju obtained by
perforuing A houncs average nf the local vertical drift
veloc‘ty, wp,.* That 1a

_l s
v, = T ¢ dt vy /v,

y ' (@)

where

mvy© ‘ Br, )

- ey o0t 4
ain‘ilyy) B, U)l (4)
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U 2qB(s, ORCEY

Point-Plasma Transport Faramrters
The definitiousn of the average vertical-drift

velocity and polofdal-drift frequency used by the
point-plaama mode ] of Ref. | are given by,

respectively, vy £ kgT /qéBRT and
wvhere and q°, are the Cewmper

T =2k TJ/rpq R.B,
jth |pec;e| and E is the
d

ature and chafge of the
Boltzmann constaut. These
definitions provide no insight into the details of the
averaging process necessary to generate zero-
dimensional parameters for use in a point-plasma model.
An  examination of the derivation of the plasea
diffusion coefficient Dn N and the particle
confinement time, T .2'5 suggés:l the following scheme
for calculating Ry Rgd R.; Eq. (5) 18 to be used when a
ratio of and R is needed and Eqs. (6) and (7) when
needed indlvldunliy.

R.
L oac(rav O, (s)
R y
c
kgT
R e ®
937y
and
. kBTj )
€ qyB<r> '
vhere <> denotes an average over a Maxwellian

distribution of teamperture T,. The radial variation of
the drift velocities is tregted by computing Eqs. (5),
(6), and (7) at the plasma edge, because plasma
diffusion 1s primarily an edge effect. Any asymmetry
in the radial profiles is taken into account by wusing
the arithmatic mean of the inboard and outboard edge
values.

First-Orbit Losses

The largest orbit contained within the reactor
vessel defines that region of the plasma in which no
first-orbit losses occur. This last closed orbit :s
used to calculate the fraction, f , of alpha particle.
that aurvive a first-orbit trajectory. Such an orbit
or drift surfece is defined as a surface comprised of
field lines of constant J. For monoenergetic alpha
particles a drift surface depends only on magnetic
moment or colc(rn). Assuming circular orbits, the
cross~sectional area of the last clused drift surface
1 calculated as a functicn of pitch angle. Assunming
both a parabolic density profile and s flat temperature

profile, the fraction of alpha particles that survive
firet-orbit losses is given by
/¥ 2
0 Ic(r) n“(r) rdr
fe ™ o
, (#)

r
]OP nz(r) rdr

where f.(r) I8 the fraction of the local fmotropt-
pitch-angle population residing on contained orbiix
that pass through the radius r.

Magnetica/Transport Results
Effects of ARE Coils

The ARE coils fmprove EBT transport properties
through changes in R, ~ B/(dB/dr) by modifying the
magnetic field so that the fileld profiles resemble
those found in configurations with larger aspect ratio
and, hence, better transport properties. The magnitude
of the change in the ratio Ry/R. that can be produced
fe ehown 1in Fig. 2. The wmodification of the fleld
profiles is obtained at the expense of increased fleld,
B, st the TF-coil and an increased mirror ratio, M, aw
ie cemonetrated by s traverse along a line of conatan.
N in Fig, 2. An fncrease in /Rv can aluwo be obtained
by changing N (or M) for fixed l,pp/lqy, but not with
the economy in B, that resulte v&on Lape/lrp 18
changed. The cannot be
increased without because the

current ratio,
limite,

Tare/ L1y
hovever,
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Fig. 2. The t:fluence of ARE colls on plasma transport

and alpha-particle confinement.

capability, as measured by L7/LTF, worsen with
increasing lapp/l7p. A value of L/ equal to two
was tsken as & lower limit on the basts of a tritium

breediny constraint,! thereby defining the lowest
degree of accessibility scceptable to the EBT reactor
design. A second benefit of fucreasing lARE/lTF is an

increase tn f_ (Fig. 2), This result fe & by-product

of the field profile modiffcation by ARE cofls in that
changesa 1n the field profiles tend to aiign the
particle orbit centers over the entire spectium of

pitch angle space. The { results of Fig. 2 are luwer
than those obtained for typical experfwecntal
paragetcrs, where f = 0.93. This difference i1n °

between the experimental regime and the reactor l.gln:
1s  graphically demonstrated in Fig. 3. 1he decreuse
in fu for typical reactor parameters rolative to
typical experimental parameters fa the result of in-
serting & blanket/shield and pumped limiter between the
plasma  and the TF coils. The difference between the
typical reactor parameters (R = 6J m, XARH/XT' =0, s
= 0.64) and the deasign point parameters ER = @,
IARE/lTF - -0.22, fu = 0,65) 19 negligihle with reapect
to the total population of confined alpha particleu.
However, the use of ARE cofls persite the attairment of
the same f 4n a much emaller device (R = 60 m versus R
= 35 m) and an Increaned passing particle population
&lbeft at the expenae of the trapped particle
population., The inaccuracy in the f resuites 1intro-
duced by considering only the equitorial plane (and
thereby neglecting the contribution from non-cfrcular
o~hits) 1s < 102,

Magnetica Denmign- Point

The wmagnetics demign selected for the ERTR design
point had to satisfy several crllcrl-,‘ which are
summariteud 40 Table 1. Tigure 2 depicts a typical aet

of magnetics design curves. These data weot & priort
a8 many of the deafgn criteria of Table | as possible.
The pulut A ahown tn Fig. 2 was chosen as the magnetics
design point for {te compliunce with the remainder of

TABLE 1
DESIGN POINT CRITERIA
Parameter Value
Curreat density, ~ (MA/m?) 16

Ratio of TF-coll toroidal length

to radial width, lTF‘"TF
Scrars ff thickness under TF coil, T, - T
B8] {cknesses, Ab (m)

2:1
p (2) 0.20

® .aboard thickness 1.195

® Outboard thickness 1.440
Plasma ma jor radius, Ry (m) 35
Average plasma radius, LS (m) 1.0
Midplane magnetic field, Byp (T) 2.29
‘‘ransport parameter, RT/Rc 20
Mirror ratio, M ~ 2
Accessibility to torus, f&y/irp 22
Peak field at TF coil, B:(T) < e

TABLE 11
SIMMARY OF RESULTS FROM EBTR MAGNETICS DESIGN
(POINT A ON FIG. 2)

Parameter Value

Plasma center, R(m) 35.00
Plasma radii (m)

® Midplane, ryp 1.24

® Coil plane, 1. 0.76

® Average, r_ : anp + rep)/2 1.00
Magnetic field PT)

® Midplane, By, 2.25

® Coil plane, Bop 5.013

® Average, B : ? p * Bcpl)/e 3.64

® Peak f?1:1d at TF cotl, B 9.63
Current per TF cotl, I3, (MA) 3.
Current per ARE coll, I,pe (MA) 6,97
Coi]l dimensions (m)

® TF-coil length, Ly, 1.98

® TF-coll width, wyy 0.99

® Radius of current cen:er, r. 2.90

® Rad:um o: TF coll center, Ryp 35.08

® ARE-coll radius, TARE 4obid

® ARE-cofl diameter, dARE 0,74
Number of bumps, N k)
Mirror ratio, M : Beop/By, 2.24 (n)
Magnetic aspect ratlo, /Kc 20.98,19,02' 8
Toroidal radfus cf curvature, (m) 37.“(,60.’!(‘)
Magnetic radium of curvature, R_(m) 1.30,1,40'%
Alpha-particle trapping traction, f 0065
Acceanibility to torus, &4/ Ly 2.09

(')The two values
taken at the
the equatorial
valuea is used

glven per entry represent values

inbhoard and outhoard plasma edges in
plane. An arithmatic mean of the two
in the potnt-plasma wmodel,

oeern from Table 2. The
magnets, plasaa, and

the design criteria, as in
phyafcal layout of the
blanket/ahield associated with this magnetics denign
point fs showr In Fig. l. The remaining relevant
paraysters pertaining to the megnetics design point are
gln tnrluded fn Table 2.

Senaftivity estudies
indicate RT/R and f

about the design point
. are moat eersitive to changean in
N, R, and 1ARE7,TF lng leest sensitive to changea 1o r |
and B, Although increasing either R or |l pe/Trpi ot
decreasing N yield fuproved values of Rp/R. and o,
only small doviations from the design point valuea can
be tolerated bafore violating one of the last three
design criteria ot lavie |, cfther Luv waswinativa uf
other sapert-ratio-ehancement scheaes or » relaxation
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for typical experimental

The crcss-sectional area of the largest drift surface contajned within the vacuum vessel versus cosi(ry)
parameters, typical reactor parameters, and the design point parameters. The

ordinate ranges from 0 to the cross-sectional area of the vacuum vessel.

in the design criteria is needed to provide iuprovement
fn the magnetics performance of this design.

Conclusions

The use of ARF coils can result in the enhancement
of the transport paramseter, RT/Rc' by a factor of 2 or
more for the design range investigated while meeting
engineering constraints impose¢i by magnet technology,
reactor accessibilfity, etc. The wuse of ARE coils,
therefore, permitted the design of an EBT reactor that
can be as small as 35w in major radius and I-w in
min~, ra’'ius, 1In addition, Rp/R. was found to de wmost
sensitive to variations in N, R, and I,p¢/lpp.
Decreasing N is the most practical method of enhancing
RT/RC provided the mirror ratio constraint can be
increased.

The ability to retatn 3.5 MeV alpha particles, as
measured by f., 1s a source of concern. However, not
all of the factors which affect particle orhits (and
also transport) have been included in thene
calculations. The effectn due to the presence of the
electroun ringks, a “infte—beta plasma, and the ambipolar
electric field have been neglected here and need to be
included {n subsequent analyses as they may smeliorate
this problem.
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